An approach to the quantitative assessment of left ventricular (LV) diastolic stiffness in man has been developed utilizing strip-chart recordings of simultaneous ultrasonic LV dimensions, LV pressure, and electrocardiogram (ECG). In 23 patients without regional abnormalities of contraction, LV pressure, and LV internal diameter (D = distance between endocardial surfaces of LV posterior wall and septum at the plane of the mitral valve) were determined at the onset (P1, D1) and peak (P2, D2) of left atrial mechanical systole. In addition, left ventricular volumes, V1 and V2, were calculated from D1 and D2 using a regression formula for end-diastolic volume previously determined from biplane angiographic studies. This allowed calculation of AP/ AD and AP/AV associated with the "a" wave of the LV pressure trace, and these ratios were utilized as measures of LV stiffness late in diastole.
SUMMARY An approach to the quantitative assessment of left ventricular (LV) diastolic stiffness in man has been developed utilizing strip-chart recordings of simultaneous ultrasonic LV dimensions, LV pressure, and electrocardiogram (ECG). In 23 patients without regional abnormalities of contraction, LV pressure, and LV internal diameter (D = distance between endocardial surfaces of LV posterior wall and septum at the plane of the mitral valve) were determined at the onset (P1, D1) and peak (P2, D2) of left atrial mechanical systole. In addition, left ventricular volumes, V1 and V2, were calculated from D1 and D2 using a regression formula for end-diastolic volume previously determined from biplane angiographic studies. This allowed calculation of AP/ AD and AP/AV associated with the "a" wave of the LV pressure trace, and these ratios were utilized as measures of LV stiffness late in diastole.
Patients with LV hypertrophy by standard ECG criteria had much greater late diastolic stiffness (11 patients, AP/AD = 6.1 1.1 mm Hg/mm, AP/AV = 1.0 0.2 mm Hg/cc) than those without LV hypertrophy (12 patients, AP/AD = 1.8 0.2 mm Hg/ mm, AP/ AV = 0.29 + 0.04 mm Hg/cc, P < 0.001 for each ratio).
Comparison of the stiffness ratios showed significant variation among patients with different disease states. Thus, late diastolic stiffness was highest in patients with aortic stenosis (three patients, AP/AD = 8.9 + 2.9 mm Hg/mm, AP/AV = 1.5 + 0.5 mm Hg/cc), lowest in mitral stenosis (four patients, AP/AD = 1.5 0.5 mm Hg/ mm, AP/AV = 0.23 0.06 mm Hg/cc), and intermediate in patients with aortic regurgitation (three patients, AP/AD = 4.8 0.7 mm Hg/mm, AP/AV= 0.83 0.12 mm Hg/cc) and mitral regurgitation (three patients, AP/AD = 3.2 0.7 mm Hg/mm, AP/AV = 0.5 + 0.1 mm Hg/cc).
It is concluded that the quantitative evaluation of LV diastolic stiffness obtained by this approach correlates well with the presence or absence of LV hypertrophy and with the underlying pathophysiology.
Additional Indexing Words: LV pressure-volume relations LV compliance LV distensibility LV hypertrophy Elasticity LV stiffness DIASTOLIC stiffness of the left ventricle (LV) is recognized to be a major determinant, along with myocardial contractile state, of left ventricular filling pressure and chamber size. Although studies have delineated the influence of a number of variables on left ventricular diastolic stiffness in experimental animals,1-5 little is known about this important property of the left ventricle in either normal man or patients with heart disease. [6] [7] [8] [9] Perhaps the major impediment to the study of LV diastolic stiffness in man has been the technical difficulty associated with simultaneous measurement of LV pressure and volume throughout diastole. The recent demonstration that pulsed ultrahigh-frequency sound waves can be successfully employed to monitor LV internal dimensions,10 and that those dimensions can be utilized in the accurate calculation of LV chamber volume11-13 has opened the possibility of a fresh approach to the study of diastolic pressure-volume relations in the human heart. 567
GROSSMAN ET AL.
This report describes an approach to the assessment of LV diastolic stiffness in man, utilizing high-speed strip-chart recordings of simultaneous LV pressure and ultrasonically determined LV internal diameter.
Methods and Materials
Twenty-thlree patients undergoing complete right and left heairt catheterizationi for diagnostic purposes formed the study populationi. All patients were in sinus rlhythm, anid diagnostic and hemodynamic data for each patienit are detailed in table 1. Patients were classified as to the presenice (grCoup A) or absence (group B) of electrocardiographic criteria for LV hypertrophy, based oni examination of a 12-lead electrocardiogram for each patient and application of stanidard criteria' 4 for LV hlypertrophy.
Catheterization was carried out in the fastin-g state, following diazepam premedication (5-10 mg im). Brachial Immediately followinig cardiac output determination, but prior to angiography, a simultaneous photograplhic strip-chart recording of ECG, LV pressuire, and ultirasonically determined LV septal and posterior wall motioni (recorded with Smitlh-Kline Instruments Co. Ekolinie-20 ultrasonoscope initerfaced with the Electronics for Medicine r.ecorder via an Electronics for Medicine UDA interface chanlnel) was obtained at 100 mm/sec paper speed with 0.02-sec time lines. LV septal anld posterior wall motion in a planie immeldiately belowv the mitral valve was obtained as previously described.1'1 12. 1 High-quality recordinlgs withl clear delinieationi of posterior wvall and septal endoca-dial sturfaces could be obtainied in approximately 70% of all studies, anid only patients in wlhonm high-quality recordings were obtained are incluided in thiis report. Thus, the 23 patienits described represeint a selected study population, derived from a total of 32 patients in whom this study was attempted.
Theoretic Considerations and Calculations
Pressure-geometry relations in early diastole may well represenit a sunmmation of physiologic properties, inieluding incomplete ventricular relaxation, viscous aind inritial properties of the venitricular mvocardium, and true venitricular elastic pr.operties.l B; i3ecause of the complexity wlhich would necessarily be involved in analysis of such early diastolic pressure-geometry relations, it was decided to exaiiiiiie only late diastolic pressure-vollume relations, which could more reasonably be initerpreted as primarily r-eflecting true ventricular elastic propetrties. In this regard it was decided to examine the ventricular pressure anid diameter increment.s associated with left atrial systole, and to compare Photographic strip-chart recording of simultaneous echocardiogram, left ventricular pressure (LVP) and it.s first derivative, and ECG for a representative patient (R.C.). Actual record (left) is shown in traced form (right) where the technic of experimental measurement is illustrated. Distances between the endocardial surfaces of LV posterior wall and septum are shown as lines AB and CD at the onset and peak of left atrial systole, respectively. Corresponding LV pressures at the onset and peak of left atrial systole are shown as P1 and P.. These points and lines are defined in relation to the P wave of the electrocardiogram, as discussed in the text. CO 00c0c = l mP00 CO 00 _-I N0 P:. ,! 569 these increments and their ratio (,AP/AD) among the various patients studied. Left ventricular pressure and ultrasonically measured internal diameter were determined at the onset (P,, D,) and peak (P2, D2) of left atrial mechanical systole, as defined below and as illustrated in figure 1 . In the patients studied with standard catheters, no correction for catheter delay was made since this delay (10) (11) (12) (13) (14) msec in our laboratory) is small compared with the interval between P, and P2, which averaged 120 msec in this study. Volumes V, and V2 were calculated from the LV internal diameters D, and D2, measured from the ultrasonic trace, according to the method of Fortuin et al. 12 previously reported from this laboratory. The formula used, V = 59D -153, was developed by Fortuin as a regression equation for end-diastolic volume based on biplane LV angiographic measurements as a reference. The onset of left atrial mechanical systole was defined as occurring 80 msec after the onset of the P wave of the ECG,15 and P, and D, were determined at this point. The peak of left atrial systole was defined as the peak of the atrial ("a") wave in the LV pressure trace ( fig. 1 ). In some patients there was no clearly defined ventricular "a" wave, and in that circumstance P2 and D2 were obtained at the time of LV end-diastolic pressure, defined as 40 msec after the onset of the QRS in the ECG.
AP and AD (defined as P2-Pl, D2-D1) thus represented end-diastolic pressure and diameter increments occurring in association with atrial mechanical systole. It should be emphasized that AP and AD are not necessarily produced by left atrial systole since in certain patients, those with severe aortic regurgitation for example, AP and AD may result at least in part from blood entering the LV from the aorta. This should not alter the significance of AP or AD as late diastolic changes in pressure and geometry which may be assumed to reflect primarily true ventricular elastic properties. AP/AV, where AV= V2-V1, was similarly calculated in each study. All measurements were performed in five cycles for each patient, and the values reported represent averages over these five cycles, with their standard errors. As seen in table 1, standard errors were quite small compared with the magnitude of the measurement, supporting the reproducibility of the method.
Data were analyzed by standard statistical methods, using Student's t test for unpaired data. Table 1 details pertinent clinical and hemodynamic data for all 23 patients. The patients were divided into two groups, based upon the presence (group A) or absence (group B) of electrocardiographic evidence of LV hypertrophy. As can be seen from the table, patients with LV hypertrophy had much greater late diastolic increments in pressure per unit change in diameter (AP/AD = 6.1 + 1.1 mm Hg/mm) or calculated volume (AP/AV =1.0 -+-0.2 mm Hg/cc) than patients without LV hypertrophy (AP/AD = 1.8 ± 0.2 mm Hg/mm, AP/AV = 0.29 -+ 0.04 mm Hg/cc, P < 0.001 for each ratio). This is illustrated graphically in figure 2 .
Results
This increased diastolic stiffness was associated primarily with a greater late diastolic pressure increment for the group with LV hypertrophy: for group A, AP = 12.1 ± 2.6 mm Hg, while for group B, AP = 3.4 0.4 mm Hg. The late diastolic internal diameter and volume increments were similar in both groups, implying that the atrial contribution to diastolic filling is preserved in patients with left ventricular hypertrophy despite the cost associated with an increased filling pressure.
Although late diastolic internal diameter and calculated volume increments were similar in both groups, there was wide individual patient variation within each group. Thus, AD varied from 1 to 7 mm, and calculated AV varied from 6 to 39 cc in patients with hypertrophy, and examination of table 1 shows that stiffness ratios for individual patients could not be predicted from tended to be higher in those patients with LV hypertrophy (20 ± 3.6 mm Hg) than in those without LV hypertrophy (11 + 1 mm Hg, P <0.05).
Cardiac output and index were essentially the same in those with hypertrophy (5.3 liters/min and 2.9 liters/min/m2) as in those without hypertrophy (5.2 liters/min and 2.9 liters/min/m2).
Comparison of AP/AD and AP/AV values showed the anticipated variation among patients with different disease states, and this is illustrated in figure 3 . There it can be seen that these ratios were low in patients with predominant mitral stenosis, significantly increased in patients with major aortic regurgitation or mitral regurgitation, and high in patients with aortic stenosis.
Linear regression plots of LV end-diastolic pressure against AP/AD and AP/AV showed poor correlation, with r values of 0.53 and 0.54, respectively. Similarly, linear regression of LV enddiastolic volume against AP/AD and AP/AV showed failure of significant correlation with r values of 0.41 and 0.46, respectively. These last data indicate that neither LV end-diastolic pressure nor volume, taken individually, is predictive of the slope of LV pressure-diameter or pressure-volume relations in late diastole.
Discussion
The present investigation has explored a new approach to the quantitative assessment of LV diastolic stiffness in man. Studies of simultaneous pressure and geometry changes during late diastole in 23 patients suggest that the quantitative evaluation of diastolic stiffness obtained by this approach correlates well with the presence or absence of LV hypertrophy, and with the underlying pathophysiology. Those patients in whom heart disease imposed a primary burden on the left ventricle showed significant increases in left ventricular diastolic stiffness. This was true even when electrocardiographic criteria for LV hypertrophy were not present, as can be seen in patient R.C. (mixed mitral regurgitation and stenosis, AP/AD = 3.2 mm Hg/mm, AP/AV =0.54 mm Hg/cc) from group B in table 1 . In contrast, patients in whom heart disease did not primarily affect the left ventricle showed much lower values for diastolic stiffness. This is well illustrated by patients R.T. (pure mitral stenosis, AP/AD = 0.5 mm Hg/mm, AP/AV =0.08 mm Hg/cc), D.B. (chronic obstructive lung disease with moderate pulmonary hypertension, AP/AD = 1.1 mm Hg/mm, AP/AV = 0.17 mm Hg/cc), and G.P. (chest pain with normal Circulation, Volume XLVII, March 1973 coronary arteries, AP/AD = 1.7 mm Hg/mm, AP/AV = 0.29 mm Hg/cc).
If late diastolic pressure-geometry relations are truly exponential, as has been suggested in animal experiments,2' 4 then the ratios studied in this investigation represent "effective" diastolic stiffness at the particular volume at which each left ventricle was operating at the time of the study. Normalization of these ratios by relating them to the pressure or volume at which they were measured8' 9 might then give a characterization of the entire pressurevolume plot, independent of the operating volume. If the stiffness ratios in our study are normalized for pressure (AP/AV/P1) there is still clear separation between patients with LVH (AP/AV/ P1 = 125 + 11 x 1O3cc-1) and those without LVH (AP/AV/ pi =38 +6x 10"cc-1, P<0.01), as well as among the various subgroups listed in figure 3 . However, it should be emphasized that the applicability of exponential analysis to LV diastolic compliance in man has not been established. Furthermore, it is of interest that in a recent study by McCullagh, Covell, and Ross16 data are presented which suggest that late diastolic pressure-diameter relations can be quite reasonably approximated by a linear regression over the range of physiologic pressures in the conscious dog. Mathematical analysis of multiple points from late diastole will clearly be needed to determine the applicability of either linear or exponential analysis to late diastolic pressuregeometry relations in man.
It seems reasonable to speculate that the increased diastolic stiffness present in many of the patients in this study may have both desirable and undesirable clinical consequences. One obvious disadvantage of the increased stiffness is that an increased pressure will be required for diastolic filling of the left ventricle, and this increased pressure, transmitted directly backward upon the pulmonary capillaries, may result in pulmonary congestion and edema.
The increased diastolic stiffness may, however, have desirable consequences in special situations. In aortic regurgitation (patient O.W. table 1) increased diastolic stiffness may tend to limit left ventricular dilatation, thereby tending to protect these patients against the phenomenal increases in wall tension (and therefore myocardial oxygen systemic vascular resistance to encourage the antegrade flow of blood in the aorta.
Previous investigators have explored both qualitative and quantitative approaches to the analysis of LV diastolic compliance and distensibility in man.A9 18, 119 Using an angiographic technic for LV volume determination, Dodge and co-workers6 18, 19 have examined the slopes of diastolic pressurevolume curves and made comparative judgments about compliance by relating the values to volumes at which the slopes were determined. They have pointed out that simple ratios of volume increments to pressure increments vary throughout diastole, passing through infinity at the nadir of the pressure curve.18 ' 19 In an excellent study Bristow and his colleagues have specifically analyzed the late diastolic pressure and volume increments associated with left atrial systole,7 using angiographic technics. Their data on five normal subjects, as calculated from their figure 4, give an approximate mean AP/AV of 0.31 mm Hg/cc/M2 during the last 200 msec of diastole. If AP/AV in the nonhypertrophied group of the present study is similarly indexed for body surface area, the resultant value is 0.46 mm Hg/cc/m2. Although,. this is somewhat higher than the value calculated from' Bristow's data, it must be recalled that our nonhypertrophied patients were by no means norrmal subjects, and that there was considerable difference in methodology between the two studies, particularly with regard to the time interval between points Pi, V,, and P2, V2.
Several limitations of the method described in this report should be considered. First, the method can only be legitimately applied at present in patients without regional abnormalities of left ventricular contraction. In patients displaying such abnormalities, the assumptions underlying calculation of LV chamber volume from a single echocardiographic dimension are invalidated. While it might be argued that asynergy in contraction pattern is a systolic abnormality, not necessarily invalidating echocardiographic assumptions about diastolic geometry, further studies comparing echocardiographic with biplane angiographic diastolic volume determinations in patients with left ventricular asynergy would be required before the current technic could be reasonably applied to such patients. Second, even in patients with uniform LV contractile patterns, one might question the comparative applicability of echocardiographic diameter and volume determinations in patients with diverse cardiovascular abnormalities, where the left ventricular chamber geometry might vary from ellipsoidal to spherical. Although several investigators have shown excellent correlations between echocardiographic and angiocardiographic volumes for large groups of patients,"1 3 consistent bias introduced for specific groups (e.g. mitral stenosis vs aortic regurgitation) might tend to introduce bias artifactually into the comparisons of derived values among such groups.
Third, it should be pointed out that the echocardiographically determined AD and AV utilized in this study were not verified by angiographic measurements in the same patients. This investigation has relied on previous reports'0-13 which supports a close correlation between results obtained by the two technics. Since each patient is being compared with himself as a control (i.e. D2 and P2 are being compared with D, and Pi) and this study is thus examining a ratio of changes (AP/AD), the absolute accuracy of the pressures or diameters measured becomes less important.
In support of the method, it should be pointed out that it offers several advantages over the angiographic technics previously utilized for the study of diastolic pressure-volume relations in man. Prominent among these advantages is the possibility for repeated sampling over consecutive beats; the ability to sample at any desired interval (since the Circulation, Volume XLVII, March 1973 data are obtained and recorded in analog form); the ability to measure changing diastolic geometry without altering cardiac function by the act of measurement itself; and finally, the possibility for studying effects of various physiologic variables by repeated measurements throughout the course of an individual study.
In summary, high-speed strip-chart recordings of simultaneous LV pressure and ultrasonically determined LV internal diameters have been utilized in the development of a new approach to the quantitative assessment of LV diastolic stiffness in man. Studies in 23 patients suggest that the quantitative evaluation of diastolic stiffness obtained by this approach correlates well with the presence or absence of LV hypertrophy, and with the underlying pathophysiology.
